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Abstract
The marine propulsion system often operates in the wake of the ship it is mounted on.
This implies that the propulsion system affects the flow around the hull, and the inflow
to the propulsion system is dependent on the hull shape. Due to the complexity of
the flow, the performance of marine propulsion systems has historically been assessed
through model-scale testing in basins, alternative numerical tools were for a long time
not available. However, the limited possible measurements does not provide any detailed
descriptions of the propulsion system performance. A second factor complicating the
use of model-scale testing is the inevitable low Reynolds number in relation to the real
ship. The need for a more detailed description of the propulsion system performance
motivates the use of Computational Fluid Dynamics (CFD); there are no limitations
on what to extract in terms of flow details or forces on surfaces and it can be applied
for the ship-scale system. However, this requires a representative model of the flow in
ship-scale which is not yet well established. In this thesis, using CFD, two alternative
approaches to the propulsive factors originating from the model-test scaling procedure are
proposed to describe the propulsion system interaction effects: A detailed evaluation of
forces on the propulsion system and hull surfaces and a control volume approach based on
energy fluxes describing the power required by the propulsion system in terms of various
energy fluxes. For the first approach a powerful tool is the thrust over torque coefficient
(KT /KQ) for a blade around a revolution, or studies of its radial distribution at specific
positions. A clear advantage of the control volume approach is its possibilities to describe
the viscous losses. As a step towards ship-scale CFD a review and comparison of different
methods to model hull roughness is conducted; it shows no convergence towards specific
roughness functions or methods to obtain the roughness length scales and there is neither
a strong correlation between the additional resistance predicted by various hull roughness
models and the Average Hull Roughness (AHR). Applying the proposed approaches, a
few generic interaction effects could be explained. For instance: The old rule of thumb
regarding optimal propeller diameter in-behind based on model-scale tests from the 1950s
is shown to be mainly due to that operation together with a rudder favours smaller
propeller diameters since the rudder can make use of the stronger slipstream rotation.
However, the results indicate that this only holds within the same scale factor, and the
optimal propeller diameter for the ship is most probably larger than what is indicated
by propeller series data. Other generic interaction effects explained is how tip-unloading
deteriorates propeller performance to a larger extent in-behind since the wake distribution
further decreases the load on the blade tip, and how blunter leading edges has a superior
performance at low load, since they are less sensitive to poor performance at negative
angles of attack.
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cp Specific heat capacity
E Energy
FD Tow force applied in self-propulsion test
e Energy per unit mass
D Propeller diameter
J Advance ratio
KQ Torque coefficient, Q/(ρn2D5)
KT Thrust coefficient, T/(ρn2D4)
k Turbulent kinetic energy
ks Equivalent sand grain roughness
n Rotation rate















Vr Radial velocity component
Vt Tangential velocity component
Vx Axial velocity component
Ẇ Rate at which work is done by the system





ηO Open water efficiency
ηR Relative rotative efficiency
ρ Density
−→τ Shear stress vector
Abbreviations
AHR Average hull roughness
CFD Computational Fluid Dynamics
CS Control surface
CV Control volume
EASM Explicit algebraic stress model
ITTC International Towing Tank Conference
MRF Multiple reference frames
RANS Reynolds Averaged Navier-Stokes
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The strive towards more fuel efficient ships is a continuously ongoing process, motivated
by both economic and regulatory reasons. The regulatory drive stems from the target of
the International Maritime Organization (IMO) to reduce the total annual greenhouse
gas emissions from international shipping by at least 50% by 2050 compared to 2008 [14].
In the hydrodynamic design of a ship, important aspects to consider for the final fuel
consumption are both ship resistance and the marine propulsion system performance,
both in relevant operating conditions.
A marine propulsion system is often operating in the wake or boundary layer of the
ship it is mounted on. This implies that the propulsion system affects the flow around
the ship, and the inflow to the propulsion system is dependent on the hull shape of the
ship. This complete system, the propulsion unit, and possibly other appendages such as
rudder and energy saving devices (ESDs), operating together with the ship, is what will
be referred to as the marine propulsion system. It is a complex system, where it is not
meaningful to describe the performance of each component isolated, they rather must be
treated as parts of a larger system.
Detailed knowledge on marine propulsion system performance, and how the different
components interact with each other under a variety of operating conditions, is generally
not as widespread. This is mainly a consequence of the complexity of the system, but
also considered to be influenced by factors such as market structure, where different
corporations are often delivering the separate components within the propulsion system.
Another factor influencing the general system understanding is the limitations of model-
scale testing.
1.1 Model-Scale Testing and the Propulsive Factors
Model-scale testing in basins has historically been the main tool for verification and de-
scription of marine propulsion system performance. Due to the complexity of the flow,
with a propeller operating in a turbulent wake, large variations in operating conditions
during a revolution, and possible interaction with the free surface, alternative numerical
tools has for a long time not been available. The methodology commonly applied for
power prediction based on model-scale testing is outlined in the International Towing
Tank Conference (ITTC) recommended procedure for performance prediction [15], and
includes three separate tests as illustrated in Figure 1.1: the propeller open-water test
with the propeller operating in homogeneous inflow to establish its performance in re-
lation to loading; the resistance test, i.e. the hull towed in water without propeller to
measure its resistance; and the self-propulsion test where the propeller is mounted on the
hull and it operates as a complete system.
The resistance and self-propulsion tests are conducted at Froude number similarity
to keep the relationship between flow inertia and gravity constant, i.e. the surface wave
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Figure 1.1: Illustration of tests conducted for power prediction according to the ITTC-78
performance prediction method [15]. Open water test (top), resistance test (middle), and
self-propulsion test (bottom).
pattern scales correctly between the ship and the model. When Froude number similarity
is met it implies that Reynolds number (Re) similarity cannot be met, at least not for any
practically possible test arrangements. The Reynolds number describes the relationship
between inertial and viscous forces for a fluid, which hence will be different between the
model-scale setup and the ship. The model will operate at significantly lower Reynolds
numbers, around 106, compared to the ship, about 108 − 109, i.e. the viscous forces
will be of higher importance for the model. Direct consequences of this are thicker hull
boundary layers and larger wake, i.e. the propulsion system operating conditions may
vary significantly between ship and model-scale setup.
Another critical impact by the low Reynolds number operation is the influence on
boundary layer formation. On the hull, various measures to ensure laminar to turbulent
transition downstream the bow are commonly applied, however this is most often not
conducted for the propeller and other propulsion system components. For the ship these
boundary layers can generally be assumed to be fully turbulent, but for the model the
risk for partly laminar boundary layers is obvious. The general turbulence level in the
wake is high and facilitates transition to turbulent boundary layers, although the com-
plete propulsion system may not operate in such high turbulence levels so that laminar
boundary layers completely can be avoided. The laminar to turbulent transition may
also be influenced by geometrical factors of the propulsion system, which implies that a
comparison of two systems in model-scale may be influenced by their respective sensitiv-
ity to boundary layer transition. The low Reynolds number of each component in the
propulsion system also implies thicker boundary layers and an increased risk of boundary
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layer separation, in relation to ship-scale. The sensitivity to boundary layer separation
may also differ between geometries, i.e. yet an additional geometrical factor that may be
of importance in model-scale but not for the real system.
To obtain the final power prediction for a ship, considering the Reynolds number
differences between the model and the ship, the scaling procedure as outlined in the
ITTC-78 performance prediction method [15] is commonly applied. For the resistance
test the inability to match the ship Reynolds number implies that the hull resistance
would be overestimated if the model-scale value was scaled directly using force coefficients.
Instead, to scale the measured hull resistance to ship-scale, it is separated into a residuary
and a frictional part, were the second is obtained and scaled applying a flat plate analogy
[16]. The scaled hull resistance is also compensated by a number of factors to account
for roughness effects, air drag etc. In the self-propulsion test, to compensate for the
low Reynolds number, and hence high share of viscous resistance, the propeller is partly
unloaded by a towing force FD applied to the hull, as indicated in Figure 1.1. The final





where PE is the effective power, i.e. the scaled resistance of the ship without working
propeller multiplied with the ship speed, and ηD is the propulsive efficiency which is
defined as:
ηD = ηOηRηH . (1.2)
Here, ηO is the open water efficiency obtained from the open water test, evaluated apply-
ing KT -identity, i.e. the operating conditions in open water corresponding to the same
thrust coefficient, KT , as in self-propulsion, and scaled to estimated ship-scale perfor-





It relates the torque coefficient, KQ, required in open water (index O) evaluated applying
KT -identity to the KQ required in-behind. ηR is normally considered to be equal in





where t is the thrust deduction factor and wT the Taylor wake fraction. The thrust
deduction factor, t, is defined as
t =
T − (R− FD)
T
= 1− R− FD
T
, (1.5)
which implies that it is representing the increment in resistance of the hull due to the
propeller action, it is commonly assumed to be the same in model-scale and for the ship.
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which aims to describe the wake velocity relevant for the propeller in relation to the
ship speed. The advance velocity and advance ratio are evaluated applying KT -identity,
represented by the index T . wT is scaled according to assumed wake differences between
model-scale and the ship.
The relative rotative efficiency ηR, the hull efficiency ηH , the thrust deduction factor
t, and the Taylor wake fraction wT , are commonly referred to as the propulsive factors.
As described above, the propulsive factors are critical for the ship power prediction (Eq.
1.1) and they are also the only measures to some extent describing the propulsion system
performance based on the model-scale tests. Despite this the propulsive factors are
amongst many practitioners considered difficult to grasp, which is not strange considering
that a few overall variables should cover several complex flow phenomena, including
unexpected flow separation and laminar boundary layers caused by the low Reynolds
number operation, often not visible through measurements.
In addition to the Reynolds number differences between the model and the ship, there
is one more scale-effect complicating the propulsive factors, especially ηR: the Reynolds
number differences between the model-scale open water and self-propulsion tests. The
propeller open water test is most commonly conducted at as high Reynolds number as
possible, i.e. higher than in the self-propulsion test, to minimize unwanted influences
of partly laminar boundary layers on the blades. This is motivated by that the risk for
laminar boundary layers is larger in the undisturbed inflow of a propeller in open water
in relation to in-behind operation in a turbulent wake. Still laminar boundary layers on
the propeller blades may be present in both open water and self-propulsion conditions.
Differences in performance due to differences in pressure distribution and/or laminar
to turbulent transition of boundary layers between open water and self-propulsion tests
will enter as differences in KQ and directly influence ηR, this is illustrated in Paper V.
Paint streak tests can be conducted on the propeller blades in open water to identify the
extent of the laminar boundary layers and the laminar to turbulent transition line, see
for instance [17, 18]. However, paint streaks are more difficult to apply on the propeller
blades in self-propulsion due to the strong tangential variation in the flow field [19].
An additional reason to why the propulsive factors are considered difficult to grasp
may be that they do not always fully represent what they commonly are considered to
describe. For instance may the difference in open water efficiency ηO when comparing
two systems be expected to only describe the propellers performance differences in homo-
geneous inflow. Less attention may be paid to that ηO is evaluated applying KT -identity,
implying that differences in efficiency due to KT differences also are included, i.e. a large
share of system performance is included also in this measure. A practical example of this
is provided in Paper V. Another example is the Taylor wake fraction, which commonly is
considered to represent the undisturbed velocity in which the propeller operates behind
the ship. This is true to some extent but it also includes the suction of the propeller.
However, wT is evaluated using KT -identity as described in Eq. 1.6 which actually im-
plies that also the system performance is included in the evaluation. A practical example
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of this is also provided in Paper V: two different propellers with the same diameter and
radial load distribution, mounted on the same hull and conducting the same work, shows
a variation in wT . This would not be expected if wT only described the undisturbed ve-
locity at the propeller plane. The difference can be deduced from differences in rotation
rate, n, due to variations in propulsion system performance.
The necessity for a more detailed description of the propulsion system performance
than the propulsive factors has been acknowledged prior to the common use of Compu-
tational Fluid Dynamics (CFD) based on the Reynolds Averaged Navier-Stokes (RANS)
equations within ship design. Dyne [20] derived a method based on potential flow assump-
tions, suggesting a propulsive efficiency based on wake losses and gains. The system of
propulsive factors was neither developed to provide a deeper understanding of the marine
propulsion system performance, but as an engineering tool to scale up experimental data
from model-scale. But unfortunately, since favorable propulsive factors in model-scale
are important for the power prediction, and therefore also for comparisons between sup-
pliers and contractual agreements, these figures may take the focus from more deeper
understanding of the real ship propulsion system performance.
1.2 CFD in Marine Propulsion System Design
During the last decades it has become feasible to complement model-scale tests with
various numerical methods, which therefore have increased in both maturity and popu-
larity as design tools for marine propulsion systems. CFD opens up new possibilities to
characterize the interaction effects and enhance the understanding of marine propulsion
system performance, since there are no limitations on what to extract in terms of flow
details or forces on different components. Although, CFD is still only a model of the
real flow conditions and the representativeness of that model is to a various extent often
unknown.
Validation of CFD models within ship design has for a long time mostly been limited
to model-scale validation, due to the lack of measurements on ships. The possibilities
to validate modelling of the propulsion system is limited to available experimental data
from the self-propulsion test, which often is average torque and thrust for the propeller,
sometimes complemented with velocity field measurements at certain instances. Taking
into account the complexity of the flow around the marine propulsion system in model-
scale, often suffering from both separating regions and partly laminar boundary layers
on various components, the measured data may be regarded insufficient.
Considering the influences on propulsion system performance from Reynolds number
differences between model and ship, it is promising to note that ship-scale CFD and as-
sociated validation is getting more attention. A workshop on ship-scale hydrodynamics
was held in 2016 [21]. Further ship-scale validation data has been published, including
flow measurements, by for instance Inukai et al. [22], Sakamoto et al. [23], and Wak-
abayashi et al. [24]. Currently an industry wide research project is ongoing to provide
more ship-scale data possible to apply for CFD validation [25]. Further, also the next
occasion of the international workshop series on CFD in Ship Hydrodynamics, held since
1980, is planned to include a ship-scale validation case for the first time [26].
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There is still a lot of validation work to be carried out for ship-scale CFD models to
increase its general maturity and trustworthiness, which is clear from the results in for
instance Paper H. However, it is commonly agreed upon that sooner or later numerical
methods will replace model-scale testing as the main tool for predicting ship performance
in the design phase. As a consequence, the system of propulsive factors will no longer be
necessary for scaling purposes, which really opens up for new possibilities to characterise
the performance of marine propulsion systems. On the other hand, with design solely
based on CFD, there may not really be a need for a standardized system corresponding
to the propulsive factors applied today. A probable scenario is that each and every actor
may apply its own method to describe the performance of the propulsion system, as long
as it serves its purposes.
Using CFD, the complete flow field and forces on components are available for detailed
studies which creates possibilities to obtain a higher level of system understanding in rela-
tion to what is possible based on model-scale tests. To conduct a CFD study and focusing
on the propulsive factors to describe the propulsion system performance, is considered to
be a waste of resources, with regards to the effort associated with a representative CFD-
model. To summarize the performance in a few overall variables such as the propulsive
factors, implies a high risk in losing information, which can complicate the possibilities
to understand the important interaction effects. What is rather needed are illustrative
evaluation methods for the CFD-results to describe the flow around the propulsion sys-
tem and the system performance. Such methods are expected to be very useful as a
support when understanding and explaining the system performance, both within the
internal design process, but also externally with customers and other stakeholders. Well
formulated and applied, such methods could also be powerful design tools, supporting
the development of propulsion system components more adapted to the system and a
higher level of system optimization.
1.3 Purpose and Delimitations
• The objective of this work is to increase the understanding of propulsion system
interaction phenomena to support and improve the propulsion system design pro-
cess.
• To facilitate the understanding of propulsion system interaction phenomena, meth-
ods need to be formulated to analyse and describe these for a wider audience.
The main tool used to describe the flow is CFD, applying the RANS equations. The
methods used should be possible to apply in an industrial framework, at present or
within a near future. The CFD modelling needs to be representative for the system it
describes. This work does not include any development of new CFD models, but an
important question is:
• How can the the marine propulsion system for the ship and in model-scale be
modelled representatively using CFD?
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1.4 Composition of the Thesis
This thesis consists of an extended summary and five appended papers. The first objective
is achieved through various case studies and is mainly answered in the papers, for a
summary of the papers see Section 4. The second and third objectives are summarized
in Section 2 and 3, respectively.
The attached papers are linked to the objectives of the thesis in the following manner:
Paper I J. Andersson et al. Energy Balance Analysis of a Propeller in Open
Water. Ocean Engineering 158 (2018), 162–170
Paper II J. Andersson et al. Energy balance analysis of model-scale vessel
with open and ducted propeller configuration. Ocean Engineering
167 (2018), 369–379
Describes the foundation and application of the evaluation method based on the control
volume approach, i.e. the energy flux analyses. This answers to the second objective,
to formulate methods facilitating the understanding of propulsion system interaction
phenomena.
Paper III J. Andersson et al. Review and comparison of methods to model
ship hull roughness. Applied Ocean Research 99 (2020)
Reviews and compares suggested hull roughness models applicable for ship-scale CFD.
This is one of the areas that has been in focus to answer the third objective: How can the
the marine propulsion system for the ship and in model-scale be modelled representatively
using CFD?
Paper IV J. Andersson et al. On the Selection of Optimal Propeller Diam-
eter for a 120-m Cargo Vessel. Journal of Ship Research 65.2
(2021), 153–166
Studies the optimal propeller diameter in-behind in relation to in open water conditions,
highly relevant for marine propulsion system design. Hence, the study contributes to the
first objective of this work, to increase the understanding of propulsion system interaction
phenomena. It does so using the methodology suggested in Paper I and II, i.e. to some
extent also answering to the second objective.
Paper V J. Andersson et al. Propeller-Hull Interaction Beyond the Propul-
sive Factors. Ocean Engineering (under review) ()
Studies the in-behind performance of tip unloaded and ice-classed propellers in relation
to a more conventional design. The study contributes to the first objective of this work,
to increase the understanding of propulsion system interaction phenomena. It does so
using surface based evaluation methods, i.e. also answering to the second objective.
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2 Describing and Understanding Marine
Propulsion System Performance
The main function of the marine propulsion system is to propel the ship forward. How
this hydrodynamically is conducted most efficiently could be described applying two sep-
arate approaches. The first one states that the ship shall conduct a certain work, i.e.
transport a specific amount of cargo at given environmental conditions and a certain
speed, with minimal delivered power to the propeller. The delivered power to the pro-
peller is evaluated as the torque multiplied by the rotation rate. The other approach
describing the most efficient propulsion system is that the ship conduct a certain work
while leaving a minimal trace in the water behind the vessel. A trace is here defined as
axial velocities, both positive and negative, transverse velocities, pressure disturbances,
increase in turbulence levels, and minor changes in water temperature due to viscous
dissipation. These two approaches are central in this thesis since they are the basis for
the two main approaches to describe the functioning of a propulsion system. Surface
based evaluation methods, as described in Section 2.1, focuses on the forces on the ship
and propeller surface, including the torque on the propeller which has a high impact on
the delivered power. The control volume approach based on energy fluxes, as described
in Section 2.2, instead formulate the delivered power to the propeller in terms of energy
fluxes in the water passing the propulsion system.
2.1 Surface Based Evaluation Methods
Surface based evaluation methods stem from the view that the aim of the marine propul-
sion system is to conduct a certain work at minimized delivered power to the propeller.
The delivered power to the propeller is evaluated as the propeller torque multiplied by
the rotation rate. Hence it is natural to focus on the torque, or the torque coefficient KQ.
For the propeller operating in a wake the operating conditions for the propeller blade
varies significantly around a revolution, as well as radially. Hence, to fully understand
the functioning of the propeller blade in the wake, the torque needs to be evaluated at
different tangential blade positions, as well as its radial distribution at these positions.
Originally the torque stems from the wall shear stress and the pressure distribution
around the blade which also is possible to study in detail with the aid of CFD. In Figure
2.1 (from Paper V) KQ for one blade is plotted around a revolution for three different
propellers in both model and ship-scale. These propellers are mounted on a twin-skeg 120
m research vessel. Calculating the deviations from average KQ, exemplified for propeller
C, one blade varies between -44% to +41% and -44% to +33%, in model and ship-scale
respectively, due to the varying operating conditions around a revolution. This to some
extent illustrates the large variation in operating conditions a blade can experience in a
wake, but does not describe the additional radial variations. To study torque variations
directly instead of angle of attack, which is a common measure for airfoil or hydrofoil
loading, has proven beneficial for propellers operating in a wake. To evaluate angle of at-
tack the hydrofoil relative velocity needs to be defined, which is troublesome in the wake,
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the self-propulsion velocity field is disturbed by induced velocities from the propeller and
the bare hull velocity field is neither relevant, in addition it is difficult to decide on which
axial position to extract it from.
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Figure 2.1: CFD results from Paper V for KQ variation in the wake.
In addition to evaluation of torque it is natural to evaluate the thrust on the propeller
blades, or the thrust coefficient KT , and how it varies for the blade around a revolution,
as well as radially. Obviously, also the pressure component of the thrust can be studied
in more detail through pressure distributions around the blade, as well as the wall shear
stress component of the thrust. Anyhow, the propeller thrust is maybe not that useful
as such to understand the performance of the propulsion system.
It is not possible to define an efficiency of the propeller operating in-behind conditions,
corresponding to the propeller open water efficiency, due to the impossibility to define an
advance velocity. Still, to evaluate the performance of the propeller when operating in
the wake, some kind of performance measurement is desirable. An alternative measure,
suggested in this thesis, is KT /KQ. KT /KQ is actually the same as thrust over torque
divided by radius, which, transformed to the coordinate system commonly applied for
airfoils, corresponds to lift to drag ratio (L/D). In other words, KT /KQ, or L/D, is not
a new measure, but the application of it within ship design to describe and understand
propulsion system performance is not yet wide-spread. KT /KQ when studied for a blade
around a revolution, or focusing on its radial distribution at specific positions, has proven
very effective as a measure of the propeller performance in-behind. In Figure 2.2, from
Paper V, KT /KQ for the three studied propeller blades over a revolution is shown. The
differences in KT /KQ are naturally influenced by propeller performance in homogeneous
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inflow, however two distinct observations could be made based on such a description: The
propeller A blade, which is tip-unloaded, has lower KT /KQ, i.e. is performing worse, than
the other two propellers after the wake peak, between about 0◦ and 150◦ and the propeller
C blade, which is not ice-classed (the two others are), has lower KT /KQ, i.e. is performing
worse at minimum load, around 270◦. Based on these observations, further analyses of the
radial distributions of KT /KQ at relevant tangential positions can be conducted. Figure
2.3, also from Paper V, illustrates the radial variation of KT /KQ when the blade is at the
tangential position 40◦, and also the radial variation for a blade operating in open water.
Such a figure clearly shows that the performance degradation noted between about 0◦
and 150◦ in Figure 2.2 is due to an inferior performance towards the tip for propeller A
when operating in the wake. The evaluation of KT /KQ is preferably complemented with
flow visualizations to illustrate and explain the reasons behind the noted performance
differences.
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Figure 2.2: Model-Scale CFD results from Paper V for KT /KQ variation in the wake.
One objective of this thesis is to suggest methods facilitating the understanding of
the complete propulsion system performance. The measures suggested so far only focus
on the propeller performance in-behind, in other words it needs to be complemented by
other data to explain the function of the complete propulsion system. For the surface
based evaluation methods it simply corresponds to evaluation of forces, pressure and
wall shear stress components, on the other parts of the propulsion system, i.e. the forces
balancing the thrust required by the propeller. Relevant components to include are hull,
rudder, possible duct or ESD, stags, etc. Also for these forces there is commonly a strong
dependency on the blade positions, which can be analyzed further.
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A: In behind, 40  
A: Open Water
∘: In behind, 40  
∘: Open Water
Figure 2.3: Model-Scale CFD results from Paper V for radial variation of KT /KQ at the
tangential position 40◦. Open water results are at self-propulsion average KT .
An important advantage with surface based evaluation methods is that they are sim-
ple to evaluate, quantifiable and easily comparable between different users and codes.
Nevertheless, they may lack in their ability to describe certain flow phenomena since
they focuses on surface responses to the flow and not the flow as such. Therefore surface
based evaluation methods are preferably always complemented with visualizations of the
flow.
2.2 Evaluation Method Based on a Control Volume
Approach
The second approach describing the most efficient marine propulsion system, that the
ship is conducting a certain work while leaving a minimal trace in the water behind the
vessel, lays the foundation for the control volume approach, based on a balance of energy
fluxes, as described in detail in [27].
Different methods are suggested in the literature based on control volume analyses of
energy. van Terwisga proposed an energy analysis over a control volume enclosing the
entire vessel including propulsion unit [28]. Through the assumption of a uniform control
volume inflow, the evaluation of the fluxes were limited to the control volume downstream
boundary, but the method was not demonstrated in practice. Schuiling and van Terwisga
suggested a methodology for performing an energy analysis based on evaluation of the
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energy equation over a control volume, and applied it to a propeller operating in open
water as well as in-behind [29, 30]. The viscous losses were obtained through volume
integrals of the dissipation terms. Thus, the numerical dissipation, which cannot be
evaluated from CFD, was obtained indirectly from the difference between delivered power,
obtained from forces acting on the propeller, and the other energy components. Hally
[31] has also conducted energy flux analyses, and applied it to a propeller in open water,
both with BEM and a full geometrical representation of the propeller. In addition to
the complete energy flux balance approaches, it is also possible to study energy fluxes
at certain locations to better understand the function of the propulsion system, as for
instance applied in Dang et al. [32, 33] and Krasilnikov et al. [34].
Control volume analyses, i.e. application of Reynolds Transport Theorem, is a well
established tool, but has traditionally not been applied on CFD simulation results.
Reynolds transport theorem states that the change of any fluid property within the sys-
tem is the sum of the change within the control volume, plus the outflow from the control
volume, minus the inflow to the control volume. Control volume analyses of energy is ac-
tually a power balance, since it is expressed in terms of energy fluxes and can be directly
coupled to the delivered power. Control volume analyses of linear momentum, which also
traditionally has been applied, can be coupled to thrust and drag. However, studies of
these counteracting forces will not provide a relationship to the ship power consumption.
The control volume could be of arbitrary shape, which is of importance to facilitate
analyses of various kind of propulsion systems. Figure 2.4 illustrates a possible control
volume surrounding skeg, propeller and rudder. The control volume is bounded by both
the virtual control surface, as well as the material surfaces, e.g. all or some proportion
of the hull, the rudder and the propeller surfaces. To establish an energy flux balance
accounting for all propulsive power, the propulsion unit needs to be fully enclosed by the
control volume. To increase the understanding of the flow it may be suitable to apply
several different control volumes for the same case.
Figure 2.4: Example of control volume enclosing skeg, propeller and rudder.
The analysis is based on the energy conservation equation, which reads [35],
∆E = Q̇− Ẇ , (2.1)
where E represents energy, Q̇ denotes the rate at which heat is added to the system and
Ẇ denotes the rate at which work is done by the system. Heat transfer from ship and
propulsion unit to surrounding water is preferably neglected, since the associated energy
fluxes do not contribute to the hydrodynamic analyses. To handle the fact that the flow
around a marine propulsion system is periodical or fully unsteady, energy flux balances
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are preferably conducted at several time instances, over a certain period of time. For each
time instance it is assumed that the flow is steady, which simplifies the control volume
analysis considerably.
Denoting energy per unit mass with e, the energy conservation equation without heat
transfer using the Reynolds Transport Theorem for stationary flow yields [35],
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where CS denotes the control surface, −→V the velocity vector, ρ density and −→n the normal
unit vector to the control surface (positive outwards). The work done by the system
constitutes work done by pressure and shear stresses on the control surface,
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where p denotes pressure and −→τ is the shear stress vector on the elemental surface
dA. The pressure and shear stress work acting on the rotating material surfaces of CS
constitutes the delivered power (PD) and can be evaluated as the torque on the propeller
multiplied by the rotation rate. Compared to the classical notation, as shown in Eq. 2.1,
the delivered power is here defined as power added to the system. Due to no-slip and no
flux protruding the hull, no pressure or shear stress work is done by the system on the
material surfaces in CS fixed relative to the control volume.
The pressure and shear stress work (Eq. 2.3) also act on the virtual control volume
boundaries of CS; these terms are therefore moved to the right hand side of Eq. 2.2 and
evaluated together with the energy fluxes. The work done by shear stresses on virtual
boundaries of the control volume (Ẇv,virtual) is at its maximum if the control surfaces
are placed tangential to the flow direction and there are significant velocity gradients
within the flow. If the flow is approximately normal to the control surface or if they are
placed outside the boundary layer, shear stresses are expected to be lower. For all cases
studied in Paper I, II and IV, it has been possible to neglect the work done by shear
stresses on virtual boundaries of the control volume.
To increase the level of detail in the energy flux balance, the energy per unit mass (e),
occurring on the right hand side of Eq. 2.2, is further decomposed. It is proposed to split
the term into kinetic energy in axial direction, kinetic energy in transverse directions,
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where the axial velocity component is denoted by Vx, and tangential and radial velocity
components denoted by Vt and Vr, respectively. In a Cartesian coordinate system these
components should be replaced with the non-axial velocity components Vy and Vz. The
coordinate system is preferably always located so that the axial direction is in line with
the vessels sailing direction. This decomposition has been applied within the project
leading up to this thesis, but it is of course also possible to separate the contribution
from the two transverse velocity components.
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r ) + û+ k)(
−→
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This equation shows that it is possible to express the delivered power as a sum of
energy fluxes and rate of pressure work over the surfaces forming the control volume.
The internal energy can be obtained through û = cpT (cp = specific heat capacity, T =
temperature), which implies that a temperature field is required for the CFD solution,
i.e. the energy equation needs to be solved for.
For an energy analysis to be useful it needs to support the understanding of propulsion
system interaction phenomena. This implies that the different terms appearing in Eq.
2.5 need to be fully understood to be able to interpret the results, therefore, the energy
flux terms are discussed below.
Rate of Pressure Work and Axial Kinetic Energy Flux
The propulsion unit is converting rotational motion to thrust. A pressure difference is
produced between the forward and rear surfaces of the blade and the water is accelerated
downstream. This is a continuous energy conversion process where pressure work is
converted to axial kinetic energy flux. For the energy flux balance over a propulsion unit,
this implies that the distribution between the pressure work and axial kinetic energy flux
terms to a large extent will be dependent on the location of the upstream and downstream
control surfaces. This energy conversion process is the one which often is explained using
an actuator-disc model of a propeller. On the other hand, from the hull point of view
the rate of pressure work and axial kinetic energy fluxes originate from flow deceleration
and acceleration around the hull.
Firstly, to understand these terms, they are described from a propeller operating
in open water point of view: The combined rate of pressure work and axial kinetic
energy flux term consists of both useful thrust generation and loss components. This
division can be explained through the use of a control volume analysis of both linear
momentum and energy, in the manner of Drela [36]. For a propeller in open water,
consider a control volume enclosing the propeller, the upstream control surface must be
located far upstream so that the inlet conditions can be considered homogeneous, with
advance velocity VA, no tangential flows and undisturbed pressure p∞, and the lateral
surfaces must be streamlines where p = p∞. For such a control volume the evaluation
can be limited to the downstream control surface (out) through definition of velocity and
pressure perturbations, ∆Vx = Vx − VA and ∆p = p− p∞. A control volume analysis of




(∆p+ (VA +∆Vx)ρ∆Vx)dA. (2.6)
Through multiplication of all momentum flux balance terms with the advance velocity,
14
the thrust power is obtained,







Performing a control volume analysis of energy for the same control volume gives the
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(2.8)
∆û and ∆k denotes the change over the control volume in internal and turbulent kinetic
energy, respectively. Amongst the pressure and axial kinetic energy flux terms in the
energy flux balance (Eq. 2.8), the thrust power (Eq. 2.7) can be identified as well as two






and the pressure defect work rate, ∫
out
∆p∆VxdA. (2.10)
These terms represents the total irreversible outflow losses of pressure work and axial
kinetic energy flux through the control volume outlet boundary. They correspond to the
total dissipation of pressure work and axial kinetic energy flux to internal energy which
eventually occurs downstream due to the mixing out of spatial wake non-uniformity, i.e.
the equalizing of pressure and velocity gradients to a homogeneous flow state. Since they
arise due to velocity and pressure perturbations and associated velocity gradients in the
flow, they are here referred to together as axial non-uniformity losses. However, note that
the evaluation of secondary axial kinetic energy flux and pressure defect work rate is not
possible for the propeller operating in behind, since neither the lateral control surfaces
can be streamlines with p = p∞, nor the inlet conditions homogeneous.
If instead focusing on a complete ship with propulsion system: The combined sum
of rate of pressure work and axial kinetic energy flux for a control volume enclosing
the complete ship with propulsion system, should be viewed upon as entirely non useful
energy fluxes, i.e. axial non-uniformity losses. This is due to that in the ideal, and only
theoretically possible case, the propeller’s slipstream, which then is an actuator disk,
would completely fill the wake behind the hull such that no axial kinetic energy flux is
left behind the ship, as illustrated in Figure 2.5B. This case is obviously not realistic, even
for inviscid flow, both since the slipstream cannot completely match the wake, as well
as due to that the propeller has a finite number of blades, introducing velocity gradients
within the slip-stream.
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It is often practical to limit the control volume to the aft part of the ship since a
high grid resolution is required for the complete control volume to obtain an accurate
balance. However, for such a control volume there needs to be an excess of useful energy
flux over the control volume to be able to propel the remaining part of the hull outside
the control volume at a constant speed. This implies that a fraction of the sum of rate of
pressure work and axial kinetic energy flux terms must be useful thrust power, similar to
a propeller operating in open water. The useful amount is not possible to quantify (due to
that it is not possible to quantify the advance velocity), a main drawback of the method
as a whole. However, a qualitative indication on unnecessary high axial non-uniformity
losses are large velocity gradients and zones with high acceleration or deceleration of the
flow. Reducing such flow phenomena and designing for an even velocity behind the ship,
will reduce the combined sum of rate of pressure work and axial kinetic energy flux.
Figure 2.5: Sketch of the wake of a vessel (A), an ideal actuator disk completely filling
that wake (B), illustrating the principle case with zero axial non-uniformity losses, and
(C) a general description of a more realistic flow field.
Transverse Kinetic Energy Flux
Transverse kinetic energy flux is defined as kinetic energy flux in directions other than
the vessel sailing direction. Transverse kinetic energy is often associated with radial
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and tangential flows induced by the propulsion unit, but can also be due to a propeller
slipstream not beeing in line with the sailing direction or bilge vortices caused by the
hull curvature. Transverse kinetic energy flux behind the propulsion system should be
considered as a loss since the accelerated water in a direction other than the course of
the vessel will not contribute to useful thrust.
Internal Energy and Turbulent Kinetic Energy Flux
In a viscous flow, kinetic energy of the mean flow is converted to internal energy, i.e. heat,
through two processes: (A) dissipation of turbulent velocity fluctuations and (B) direct
viscous dissipation from the mean flow to internal energy. Thus, the internal energy
flux is a measure of both these processes, whereas the turbulent kinetic energy flux only
accounts for an intermediate stage in (A). The turbulent kinetic energy has to be included
only due to the CFD modeling, since turbulence within this project is modeled using an
eddy-viscosity model.
All these energy fluxes should be rated as viscous losses, which are highly dependent on
boundary layer losses and hence the velocity of the propeller blade relative to surrounding
water and wetted surfaces and surrounding water velocities of other components. Also
the existence of spatial non-uniformities in the flow, such as circumferential variations
associated with the finite number of blades, as well as flow structures like hub and tip
vortices, contribute to increased viscous losses when they mix out.
Concluding Remarks on the Control Volume Approach
The main advantage with a control volume approach in relation to a surface based ap-
proach is that it really focuses on the flow, not just the response of the flow on surfaces.
It was applied successfully in Paper IV, explaining the reasons behind differences in op-
timal propeller diameter between open water and self-propulsion operation. From the
decomposition into different energy fluxes as illustrated in Figure 2.6, the optimum pro-
peller diameter could be explained as a trade-off between blade load/flow acceleration,
represented by transverse kinetic energy and axial non-uniformity losses, which increases
with decreasing propeller diameter, and viscous losses, increasing with increasing pro-
peller diameter. Comparing this with the case when the propeller operates in isolation,
it is possible to deduce that a smaller propeller, with higher transverse kinetic energy
losses, gains more from operating together with a rudder, which can straighten up the
flow behind the propeller. This implies a larger benefit for propellers of smaller diameter,
suffering from higher transverse kinetic energy losses in open water, and motivates a shift
towards smaller propeller diameters in behind.
Another beneficial side effect with the energy analysis, when applied as suggested in
this thesis, is the solved temperature field, which is commonly not solved for within ship
design. The temperature field enables clear visualizations of the viscous losses, which can
be addressed for design-improvements. For instance, in Paper II it was shown through
contour plots of the internal energy flux downstream the rudder how the end plates of
the rudder contributed to increased viscous losses, see Figure 2.7.
Important to note is also that even though surface based evaluation methods are very
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Figure 2.6: Delivered power decomposed using an energy flux balance for three propellers
studied in Paper IV. Power evaluated based on forces on the blade indicated with “x”.
Figure 2.7: Contour plot of internal energy flux downstream rudder from study conducted
in Paper II. Left: open propeller configuration, right: ducted propeller configuration.
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simple to apply, the control volume approach as suggested in this thesis is not that com-
plicated either. It requires a well converged temperature field with high precision of the
values, due to the very low temperature increase caused by viscous and turbulent dissipa-
tion. It also requires a relatively fine grid within the area of the control volume analyses.
The rest of the method, including establishment of control surfaces and definition and
evaluation of variables, is just a post-processing step, which preferably is automated.
However, there are clear disadvantages with the control volume approach as well.
Firstly, the distribution into the different energy fluxes will be highly dependent on
the location of the control volume as well as on the grid refinement. It is therefore
necessary to apply identical control volumes and grid refinements when comparing the
energy fluxes between different designs, to obtain usable results. A downstream control
surface further away from the propulsion system or a coarser grid implies higher viscous
losses, to a various extent influenced by increased numerical dissipation. This implies that
comparisons of distribution into the different energy fluxes, most probably will be very
difficult between different CFD methods. Anyhow, established as a standard procedure
within an organization, it will most probably be possible to conduct comparative analyses.
A second clear disadvantage, is that for a control volume not surrounding the complete
ship, the useful amount of rate of pressure work and axial kinetic energy flux, is not
possible to quantify. This implies that only a qualitative indication on the axial non-
uniformity losses is possible to obtain.
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3 CFD Modelling Aspects of Marine
Propulsion Systems
This section aims to summarize some important aspects of CFD modelling of marine
propulsion systems considered during the project leading up to this thesis. CFD mod-
elling within ship design has within the research community traditionally been focused
on model-scale CFD, a natural consequence of the lack of validation data for ships. An
international workshop series on CFD in ship hydrodynamics has been held since 1980
which has contributed considerably to the general knowledge on model-scale CFD [37,
38]. For propeller modelling, model-scale validation workshops on the Potsdam propeller
test case (PPTC) has been held at the Symposium on Marine Propulsors in 2011 and
2015 [39, 40]. ITTC also provides summarized guidelines on CFD for ship-design [41]
and also more specific on self-propulsion CFD [42].
The focus of the workshops held and the ITTC guidelines has not specifically been
on the propulsion system and representative modelling of the interaction effects. An
outcome most probably influenced by the lack of detailed data to use for validation
and also by the complexity of the flow and higher computational cost associated with
detailed propulsion system modelling. As a consequence the general maturity of aspects
associated to CFD modelling of the marine propulsion system, in both model-scale and
for the ship, is considered lower than for instance for the resistance test or propeller in
open water.
The other important area for development is, as earlier mentioned, to increase the
general maturity of ship-scale CFD. To facilitate this, more flow data for validation is
necessary, which for instance is planned to be obtained through an ongoing industry
wide research project [25]. With increasing knowledge on the flow conditions around a
ship, more research will most probably be devoted to hull surface modelling and other
modelling aspects not yet considered.
An aspect not considered within this project, but of interest for future research is the
limitations of RANS and unsteady RANS to capture the flow around marine propulsion
systems. In reality the wake is unsteady, in both model-scale and for the ship, lead-
ing to instantaneously transient inflow to propeller, rudder and ESD, that might differ
considerably compared with the average wake, as discussed in for instance [43]. The
influence on airfoil or hydrofoil performance of a turbulent inflow is mainly considered
to be characterized by: the reduced frequency, i.e. the inverse to the wave length of the
velocity variation; the amplitude of the velocity variation, i.e. the variation of angle of
attack; and the mean angle of attack [44, 45]. For wave lengths shorter than the chord
length the effective curvature of the foil is modified, in contradiction to wave lengths
extending the chord, which can be seen as a sequence of different angle of attacks, i.e.
classic foil theories still holds for each instant. The Katzmayr effect, also known as the
Knoller-Betz effect, is the ability of a foil to produce thrust in a varying inflow, is valid
when the wave length is significantly smaller than the foil chord. Further it is noted
that a foil is more sensitive to velocity variations at a high mean angle of attack, were
also small velocity variations can trigger separation [46, 45]. The impact of these effects
for marine propulsion system performance prediction has not yet been clarified in the
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literature, and an important question for future research is whether it is sufficient with
a RANS or unsteady RANS model for propeller performance prediction in-behind or to
what degree scale-resolving simulations are needed. However, from an engineering per-
spective, this modelling error is likely to be considered acceptable considering the cost of
statistically converged unsteady simulations.
3.1 Modelling Propeller
There is not yet an established best practice for how to model the propeller for various
types of propulsion systems or design questions. Common methods includes: virtual
propellers using source terms to the momentum equations based on lifting line, lifting
surface, or boundary element methods; stationary resolved propellers using multiple ref-
erence frames (MRF); and rotating propellers utilizing sliding grid interfaces. The lack
of best practice for propeller modelling is exemplified through the CFD benchmark study
in Paper H; geometrically resolved propeller models applying sliding mesh interfaces is in
average predicting a higher power reduction of a pre-swirl duct installation on KVLCC2
compared to simplified propeller models.
Based on the observations of propeller operating characteristics in-behind when apply-
ing a geometrical propeller representation with sliding grid interfaces within this project,
two main conclusions are drawn:
• The blade section loading, i.e. the angle of attack, varies significantly both tan-
gentially, as well as radially in the wake. As noted in Figure 2.1 the deviations
from average KQ for one blade in ship-scale was -44% to +33% around a revo-
lution. That variation corresponds to the total KQ for a blade, individual blade
sections will experience even more variations in operating conditions. This example
indicates the importance of that the selected propeller model, when placed in an
wake, is representative at design as well as off-design conditions, i.e. at both high
and low angles of attack. As exemplified in Paper V, differences in performance at
off-design conditions may be critical for the in-behind performance.
• The use of a geometrically resolved propeller using MRF is strongly discouraged
since it implies that the propeller performance is entirely dependent on its fixed
position in the wake. Variations in delivered power of ± 5 % or more dependent
on propeller position can be expected, determined by wake variations, interaction
with rudder and number of blades. A stationary geometrically resolved propeller
should therefore only be considered for relatively homogeneous inflow conditions
without a downstream rudder.
The main reason to avoid the geometrically resolved propeller utilizing sliding grid
interfaces is its associated computational cost. The commonly applied strategy to obtain
thrust-resistance equilibrium for the ship, also used within this project, is manual varia-
tion of the rotation rate, which is time consuming. To reduce the required computational
cost, strategies like initialization with MRF, larger time steps in the first phase when
applying sliding grids, and possibly starting of with a coarser grid, are recommended.
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3.2 Modelling Turbulence
Turbulence modelling is crucial for a correct representation of the boundary layers consti-
tuting the inflow to the propulsion unit, as well as for a representative modelling of the
components in the propulsion system. It is especially critical in model-scale where the
boundary layers are thicker, due to the lower Reynolds number, with higher tendency to
separation compared to for the ship. For modelling of the real ship, which actually should
be the main focus, turbulence modelling is assumed to be less critical due to the higher
Reynolds number and associated thinner boundary layers. Although, since in principal
all validation of CFD for ship design so far has been conducted in model-scale, a lot of
effort has also been spent on turbulence modelling.
The model-scale hull boundary layers, characterized by an anisotropic turbulence and
often rolling up as vortices behind the ship, are challenging to represent accurately for
many turbulence models. Within the workshop series on CFD in ship hydrodynamics
[37, 38], wake field and resistance have traditionally been evaluated as separate test
cases. For wake field it is concluded that linear eddy viscosity models, without ad-hoc
rotation correction, in general underestimate the intensity of the bilge vortices. Best
performance is seen for various anisotropic turbulence models, such as explicit algebraic
stress models (EASM), and Reynolds stress models (RSM) [37, 38]. For resistance pre-
diction the workshop results show that various k−ε and k−ω models are more accurate
than EASM. Nevertheless, for self-propulsion CFD-predictions it is critical to obtain ac-
curate resistance and wake field predictions using the same turbulence model; to match
the towing force applied during test, at the same time as relevant operating conditions
for the propeller are established.
For the CFD software applied within this project, STAR-CCM+, a thorough investi-
gation of available turbulence models was conducted in version 12.06 (Paper E). The SST
k-ω model [47, 48] with curvature correction [49, 50] and quadratic constitutive relations
(QCR) [51] was recommended based on validation using the freely available KVLCC2
and JBC test cases, as well as the ship studied in Papers II and IV. For these hulls the
model provides accurate predictions of both model-scale wake field and resistance, and
from an engineering perspective it is beneficial that it is stable in terms of convergence
and not implies any notable additional computational cost in comparison to more com-
mon two-equation turbulence models. Figure 3.1 illustrate the measured and predicted
model-scale wake field for KVLCC2 with standard SST k-ω and SST k-ω with curvature
correction and QCR. The effect of curvature correction and the QCR model is clearly
noted through the differences in bilge vortice prediction on the propeller plane.
The low Reynolds numbers of the flow for model-scale marine propulsion systems,
may imply laminar boundary layers and laminar to turbulent transition on the propeller
blades and other components. A common turbulence model such as SST k-ω assumes
fully turbulent boundary layers and the representativeness of such a model could therefore
be questioned. For a propeller operating in open water, with lower upstream turbulence
levels, and hence less ability to trigger turbulent boundary layers, this has for a long
time been considered as a problem and ITTC recommends to conduct propeller open
water tests at minimum Re = 2 · 105 [52]. Recently, it has been acknowledged that Re
= 2 · 105 most probably not is enough, instead it will be recommended to conduct the
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Figure 3.1: Normalized axial velocity at propeller plane. Experimental data (left), SST
k−ω (middle) and SST k−ω with curvature correction and QCR (right), both using
low-Reynolds-number models (y+ < 1).
open water tests for each propeller at several different Reynolds numbers to investigate
its dependency towards it [53]. The extent of laminar boundary layers and laminar to
turbulent transition on the blades in open water can also been verified with paint-streaks
in tests, see for instance [17, 18]. Despite that the turbulence levels in the wake are
higher, which may trigger turbulence also at lower Reynolds numbers, laminar boundary
layers may also be present on the propeller and other components within the marine
propulsion system. In a model-scale self-propulsion test the Reynolds numbers are often
very low and some parts of the propulsion system may operate in a surrounding flow with
less upstream turbulence intensity. However, it is difficult to conduct measurements or
other experimental studies of the extent of laminar boundary layers in-behind conditions
due to the strong tangential variation in the flow field. Paint-streak tests of the propeller
in-behind conditions were conducted in [19], but to which extent these suffered from not
being able represent the tangential variation in the flow field is unknown.
Regardless of the lack of detailed data to use for validation, the model-scale self-
propulsion CFD analyses in Paper V were conducted applying a transition model, the
γ − Reθ model [54, 55] including the cross-flow term [56] as implemented in STAR-
CCM+ ver. 2019.3 [57]. In line with model-scale tests, the boundary layer was triggered
to turbulent on a 50 mm wide area on the hull downstream of the bow, representing
the sandpaper-stripe. This area was modelled as rough, while the remaining hull was
modelled as a smooth wall. The default roughness model implemented in STAR-CCM+
for low-Reynolds number turbulence models [57] was applied together with an equivalent
sand grain roughness (ks) of 300 µm. This roughness height was found appropriate to
trigger turbulence, but it was not investigated to which extent it was a correct physical
representation of the sandpaper-stripe. The grid on the propeller was adapted to the use
of the γ −Reθ transition model, which implies well resolved boundary layers in all three
directions. The grid on the hull was not adapted to the use of a transition model, since
the location of laminar-turbulent transition on the hull was controlled by hull roughness.
The streamlines on the propeller are shown in Figure 3.2, for a setup with and without
transition model respectively. The streamlines on the blades give an indication of the
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relative strength of the radial centrifugal force and the tangential wall shear stress. A
laminar boundary layer has a lower wall shear stress, allowing the centrifugal force to
dominate, resulting in radial streamlines. The other way round, the high shear stress
in a turbulent boundary layer causes the streamlines to follow a tangential path. The
setup with transition model predicts laminar boundary layers on the propeller blades
on both pressure and suction side. The extent of the laminar boundary layers varies
around the revolution, where the blade in the top position in the wake peak, seems to
have turbulent boundary layers. No detailed characteristics of the propeller boundary
layers are available from measurement, but the general trend predicted by CFD seems
reasonable.
Figure 3.2: Streamlines on propeller blades for a setup with γ −Reθ transition model as
applied in Paper V (left) and without transition model (right).
Unfortunately, there is no clear way forward to improve the model-scale CFD mod-
elling of the propulsion system since the extent of the laminar boundary layers on the
propeller in general are unknown. The most simple way forward is instead to focus on
improving the maturity of CFD modelling in ship-scale, where the problem of unknown
extent of laminar boundary layers and laminar to turbulent transition is not an issue.
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3.3 Modelling Hull Roughness
In model-scale the surfaces are generally smooth enough to be considered as hydraulically
smooth. Modelling of surface roughness has therefore never been an issue for model-scale
CFD. For the real ship the surfaces are inevitably rough due to paint roughness and
organic growth and also influenced by other imperfections such as welding lines, plate
dents, paint defects and plate thickness differences, which all influence the boundary layer
development along the ship, critical for the propulsion system inflow.
Recent flow measurements around a ship indicate the necessity to account for hull
roughness modelling [23]. However, the scarce amount of data covering both flow and
detailed hull surface measurements, implies that this is a modelling aspect with high
levels of uncertainty. Considering its large impact on the marine propulsion system
performance, as for instance indicated in Paper H, more attention needs to be paid to
hull roughness modelling. Important aspects include:
• The standard hull roughness measured on ship hulls is only a measure of the height
of the surface roughness, Rt,50, the maximum peak-to-trough height taken over a
50-mm sample length. It is also known as the Average Hull Roughness (AHR) when
combined to one single parameter through averaging several measurements on the
hull, according to standardized procedures. For most hull roughness models, as
those summarized in Paper III, more detailed surface parameters such as skewness,
slope angle, wave length and other measurements of roughness amplitude are often
used. For these surface parameters there is no standardized measurement tech-
nique and filtering of data established, which actually can influence these values
significantly. To facilitate comparison and transfer of knowledge between studies,
as well as usage of the results within a wider group, it would be highly beneficial if
a standardized procedure to obtain a few specific more detailed surface parameters
was agreed upon.
• The review of existing methods to model hull roughness in Paper III shows the
use of a variety of roughness functions, both Colebrook-type and inflectional with
three distinct flow regimes, as well as a variety of strategies to obtain the roughness
length scales. Based on the review, no convergence within the research community
towards specific roughness functions or methods to obtain the roughness length
scales, was noted. Another recent review [58] claims that at least three roughness
parameters are required: one measure on roughness height, one measure on slope,
and one on skewness, which seems reasonable. The measures slope and skewness are
illustrated in Figure 3.3. More basic and applied research is necessary to increase
the maturity and general applicability of roughness models.
• All development of roughness functions and strategies to obtain the roughness
length scales, as summarized in Paper III are based on experiments conducted
on flat plates without any pressure gradients in the flow, unlike the flow around
curved ship hull surfaces. The possible interactions between rough surfaces and
flow with pressure gradients need to be studied further.
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Figure 3.3: Illustration of the roughness characteristics slope and skewness.
In addition to the uncertainties associated with the hull roughness modelling there
are also uncertainties on how to model and simplify the ship form. Surface imperfections
such as weld seams, anodes, larger surface damages, plate dents, and differences between
drawing and build geometry, are all details that needs to be taken into consideration.
Currently there are very few studies conducted focusing on these issues, but it is suspected
that several of these geometrical details are difficult to characterize in a general manner
since they are dependent on the location of the imperfections as well as the hull form.
Within this project a mixture of approaches have been applied to model the hull
roughness, both based on the review of roughness models in Paper III and reverse en-
gineering type of approaches. The general experience of applying suggested roughness
models directly is that they predict a low impact on boundary layers and resistance. If
that stems from that the laboratory generated surfaces are not a realistic representation,
or if it is due to not considering other surface imperfections, or due to other factors is
impossible to deduce without further ship-scale measurements. With a reverse engineer-
ing approach, as applied both in Paper IV and V, the equivalent sand grain roughness
and associated roughness function are selected such that it produces a specific resistance.
The specific additional resistance aimed for, could be taken as the one according to the
roughness allowance formula in the ITTC-78 prediction method [15], or an equivalent
correlation.
Another important question for the design of marine propulsion systems, which it
does not seem to be a consensus in, is which roughness level that should be considered
representative for the design point. Is it the one of a clean painted hull or the one of a
ship in service? This will most probably appear more important in the future when the
knowledge about the ship wake field hopefully is better than today.
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4 Summary of Papers
4.1 Paper I
J. Andersson, A. Eslamdoost, A. Capitao-Patrao, M. Hyensjö, and R. E. Bensow. Energy
Balance Analysis of a Propeller in Open Water. Ocean Engineering 158 (2018), 162–170
Motivation and Division of work
To be able to use energy analyses more than as a conceptual model for an optimal
propulsion system a concrete tool is required. This paper describes a control volume
analysis of energy applied on a propeller operating in open water. The aim with this
simplified case is to investigate influences from control volume size and grid refinement.
All authors participated in stating the aim and scope of the work and contributed
with their ideas in how to present the results and structure the paper. I implemented
the control volume analysis of energy in post processing scripts, generated the grids,
set up the simulations, post processed and analyzed the results and wrote the paper.
Alexandre Capito-Patrao contributed with useful knowledge and full derivation of the
division between thrust power and non-useful axial kinetic energy and pressure work
components.
Results and Conclusion
The paper shows that the delivered power can be expressed with high accuracy using
energy fluxes through the control surfaces. The difference between the power evaluated
based on energy fluxes and the one based on integrated forces on the propeller surface is
less than 1% within the study. The division between the different energy fluxes is found to
be grid dependent, so for comparison of different cases, similar level of grid refinement is
recommended. The distribution of the energy into the different energy fluxes is shown to
be highly dependent on the location of the control volume, and it is therefore important
to apply identical control volumes when comparing different cases. More information
about the flow is obtained if the downstream control volume surface is located in the
vicinity of the object of interest, whereas further away, the kinetic energy terms are to a
larger extent converted to internal energy.
Comments
This paper includes the core of the energy flux analysis as suggested in this thesis, al-
though only applied on a propeller in open water. It also clearly illustrates the clear
disadvantages with the method, that the division into the different energy components is
dependent on both control volume placement, as well as grid refinement. A clear benefit
with the method suggested, compared to other published similar methods to study the
marine propulsion system, is that it is a straight forward post-processing tool with the
only additional requirement of solving the energy equation, and can be employed in any
CFD software based on commonly available variables.
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4.2 Paper II
J. Andersson, A. Eslamdoost, M. Vikström, and R. E. Bensow. Energy balance analysis
of model-scale vessel with open and ducted propeller configuration. Ocean Engineering
167 (2018), 369–379
Motivation and Division of work
The energy flux analysis proposed in Paper I was only applied on a propeller in open water,
but the purpose of the method is to describe the performance of complete propulsion
systems. This paper could be seen as a complement to Paper I, exemplifying how the
energy analysis can be applied on a propulsion system or complete ship.
All authors participated in stating the aim and scope of the work and contributed with
valuable feedback throughout the project. I generated the grids, set up the simulations,
post processed and analyzed the results and wrote the paper.
Results and Conclusion
The paper illustrates the use of different control volumes to analyse the propulsion system.
A control volume with relatively tight boundaries around the propeller is considered
beneficial for isolated studies of the propeller hydrodynamics but it cannot capture the
interaction effects between the hull, propeller and rudder. Naturally, a control volume
only has the possibility to describe the flow within it. On the contrary, a control volume
can enclose the complete vessel, which requires a higher grid resolution for a larger volume
around the vessel. However, the results for such a control volume can be more difficult
to grasp and less suitable to use for pedagogical explanations, especially since the axial
kinetic energy flux and pressure work consists of positive and negative contributions
from wake and propulsor slipstream that cancel each other. The third alternative is to
use a control volume enclosing the aft-ship, which is motivated by that the differences
between compared propulsion systems to a large extent originate from the aft-ship since
the remaining parts are identical, as long as the control volume extends far enough
upstream. The drawback of such a control volume, which also holds for a control volume
limited to the propeller only, is that an unknown fraction of the pressure work and axial
kinetic energy flux terms is associated with the net positive thrust power over the material
boundaries enclosing the control volume, i.e. a beneficial and necessary energy flux. In
other words, the axial non-uniformity loss cannot be quantified since the thrust power
is dependent on an advance velocity which cannot be defined. Despite this, a control
volume enclosing the aft-ship is considered to be the most practical configuration for
analyzing the system performance in this paper.
The control volume analysis of energy is applied on a model-scale cargo vessel equipped
with an open and ducted propeller configuration. The ducted propeller configuration has
a much higher required delivered power compared to the open propeller. Through the
energy flux analysis it is shown that this, to the largest extent, is due to higher viscous
losses, mainly caused by the propeller duct and different rudder configurations. Through
solving the energy equation of the flow, which is necessary for the suggested way of
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evaluating the internal energy flux, very good visual illustrations of the viscous losses
could also be conducted.
Comments
This energy flux analysis does not really provide any general useful design knowledge
on propulsion system interaction effects. The contribution of the paper is rather the
methodology of applying energy flux balance analyses on complete propulsion systems.
If interaction effects would be studied in more detail less design variations should be
included between the cases, in this paper three main differences were included: ducted
vs. open propeller, hub-cap rudder-bulb system vs. conventional hub-cap, and different
rudder designs.
To account for load variations over a blade passage a very rough simplification was
carried out in this study. The presented results were obtained through averaging of three
different propeller positions. Based on results in later studies, see for instance Paper V,
this is not recommended.
As the validation exercise in the paper shows, the CFD results are not fully represen-
tative for the tested conditions, especially for the ducted propeller configuration. Aspects
such as general turbulence modelling, near wall modelling and laminar-turbulent transi-
tion modelling could most probably be reviewed and modified using knowledge gained
later within this thesis project.
4.3 Paper III
J. Andersson, D. R. Oliveira, I. Yeginbayeva, M. Leer-Andersen, and R. E. Bensow.
Review and comparison of methods to model ship hull roughness. Applied Ocean Research
99 (2020)
Motivation and Division of work
Despite the availability of research on the hydrodynamic effects of various hull conditions,
it seems like there is little consensus or established best practice within the ship design
community on how to model hull roughness for ship-scale CFD. This was clearly noticed
in the 2016 Workshop on Ship Scale Hydrodynamic Computer Simulations [21], where
only three participants out of 17 included modelling of hull roughness. This was the
background to this study with the objective to review and compare different methods
to model hull roughness. The study is limited to relatively clean hull surfaces, ranging
from high quality newly painted hulls to different extent of poor paint application and/or
hull coating damages and light slime layers. More severe biofouling, such as heavy slime
layers, weed and calcareous fouling are excluded.
I generated the grids, set up the simulations, post processed and analyzed the results
and wrote the paper. Dinis Reis Oliveira, Irma Yeginbayeva and Michael Leer-Andersen
especially contributed with their experimental experience and thorough knowledge of
hull roughness characterization and modelling. All authors provided me with valuable
feedback throughout the project and on the final paper.
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Results and Conclusion
From the review it is clear that yet there is no convergence within the research community
towards specific roughness functions or methods to obtain the roughness length scales.
The comparison of different methods to model hull roughness shows a moderate corre-
lation between additional resistance and AHR, with large scatter due to differences in
surface texture, and maybe other properties such as hydrophobicity and surface elasticity,
for surfaces with different extent of poor paint application and/or hull coating damages.
Amongst the models for high quality, newly painted surfaces no clear correlation between
additional resistance and AHR can be noted. Further, for slime layers/biofilms, similar
conclusions as drawn in previous studies are made; they are very difficult to characterize
and there is a wide variability in their impact on hull resistance.
An important note made in the review is that it can be problematic to compare
different hull roughness models and surfaces referred to in the studies since the detailed
surface parameters often used are dependent on measurement technique and filtering of
data for which there is no standardized method. To facilitate comparison, transfer of
knowledge between studies, and usage of the results within a wider group, it would be
highly beneficial if the research community agreed upon a standardized procedure to
obtain a few specific more detailed surface parameters, such as slope and skewness.
Comments
Despite a lot of research on hull roughness modelling on fabricated surfaces in model-
scale there is a critical part remaining to increase the maturity of ship hull roughness
modelling: ship-scale flow measurements in combination with hull roughness characteri-
zations. Currently hull roughness modelling is considered as a large uncertainty for both
ship resistance and wake prediction, mainly due to often poor knowledge of the detailed
hull surface conditions to be modelled, but also due to uncertain validity of selected hull
roughness model.
4.4 Paper IV
J. Andersson, R. Gustafsson, A. Eslamdoost, and R. E. Bensow. On the Selection of
Optimal Propeller Diameter for a 120-m Cargo Vessel. Journal of Ship Research 65.2
(2021), 153–166
Motivation and Division of work
In the preliminary design of a propulsion unit the selection of propeller diameter is com-
monly based on open water tests of systematic propeller series. The optimum diameter
obtained from the tested propeller series data is not considered to be representative for
the operating conditions behind the ship, instead a 2-5% smaller diameter is often se-
lected. The reasons behind this diameter reduction in behind conditions seems to be
relatively unknown, or at least not widespread, amongst propeller designers. Therefore
this CFD study was initiated to study the reasons behind the conventional reduction of
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optimal diameter in behind condition relative to a homogeneous inflow, with focus on
understanding the hydrodynamic effects influencing the optimum.
The propulsion systems with varying propeller diameter were designed by Robert
Gustafsson, who also initiated the project and contributed with general propeller design
knowledge. I generated the grids, set up the simulations, post processed and analyzed the
results and wrote the paper. All authors provided me with valuable feedback throughout
the project and on the final paper.
Results and Conclusion
For the studied vessel, the CFD results indicate that a 3-4 % smaller diameter is optimal
in behind conditions in relation to open water conditions at the same scale factor. Energy
flux balances were applied to understand the reasons behind this reduction in optimal
propeller diameter. The main reason is assumed to be that smaller propellers to a
larger extent benefit from operation with a rudder that can straighten up the propeller
slipstream. This can be explained by that a smaller propeller has to be higher loaded
over each blade section, i.e. it deflects the flow tangentially to a larger extent, compared
to a larger propeller delivering the same power.
Comments
What is not discussed in the paper is that propeller design work most commonly is based
on model-scale propeller series data and since the optimal open water propeller diameter
in model-scale not is the same as in ship-scale, the commonly used thumb rule seems to
be invalid. This study indicates that the difference between model and ship-scale optimal
diameter in open water is 7 %, due to reduced viscous losses in ship-scale. In other words,
the optimal propeller diameter for the ship is larger, not smaller, than the optimal one
from model-scale propeller series data. How much larger is very much dependent on the
ship-scale open water performance, which only can be predicted using CFD, and not
validated.
Complementing CFD analyses for the ship without a rudder indicates a much larger
optimal diameter compared to what is noted with a rudder, supporting the theory pre-
sented in the paper, that smaller propellers to a larger extent benefit from operation with
a rudder. However, the optimal propeller diameter on the ship without a rudder is still
slightly smaller than in open water. This is, at least partly, assumed to be explained by
that a smaller propeller to a larger extent can operate in the retarded wake, in relation
to a larger propeller.
4.5 Paper V
J. Andersson, R. Gustafsson, R. Johansson, and R. E. Bensow. Propeller-Hull Interaction
Beyond the Propulsive Factors. Ocean Engineering (under review) ()
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Motivation and Division of work
When comparing different propulsion systems based on model-scale tests, differences in
the propulsive factors are often not well understood. Two such generic cases of interest
to study are tip-unloaded propellers and ice-classed propellers vs. a more conventional
design. Through the use of CFD the interaction effects in both model- and ship-scale
can be studied and described on a more detailed level. In association to this it is also of
interest to evaluate how the traditional propulsive factors can be related to the interaction
effects noted, and if this may influence their representability to be used in the scaling
procedure.
Robert Gustafsson initiated this project and in addition to contributing with general
propeller design knowledge he designed two propellers specifically for this study. I gener-
ated the grids, set up the simulations, post processed and analyzed the results and wrote
the paper. All authors provided me with valuable feedback throughout the project and
on the final paper.
Results and Conclusion
This study utilizes the more straight forward surface based evaluation methods as de-
scribed in Section 2.1: Evaluation of KT /KQ for a blade around a revolution and radial
distributions of the same measure, open water performance dependency on Reynolds
number and studies of reasons behind thrust/drag differences.
Three main observations on the propulsion system performance in-behind noted are:
(1) Tip-unloading is deteriorating propeller performance to a larger extent in-behind
conditions since the wake distribution further decreases the load on the blade tips. (2)
The blunter leading edge of an ice-classed propeller has a superior performance at low load
in relation to a sharper leading edge, it is less sensitive to poor performance at negative
angles of attack. This is beneficial in-behind conditions were the load is varying to a
large extent. (3) The hull drag is increasing more with a tip-unloaded propeller, hence a
more even radial load distribution favour a low thrust deduction factor. Further it is also
noted that the model-scale interaction effects to a large extent are influenced by scale-
effects between self-propulsion and open water Reynolds numbers. The performance of
ice-classed propellers with thicker blade profiles degrades more at low Reynolds numbers.
Even if it can not be determined to what extent the CFD-results correctly predict
all aspects of the flow around the self-propelled vessel, the analysis performed indicate
that the propulsive factors as derived in model-scale are certainly questionable to use
in the scaling procedure. Firstly since they to a large extent are influenced by scale-
effects between self-propulsion and open water Reynolds numbers, and secondly since
their association to the observed hydrodynamics makes the commonly applied scaling
procedure of them doubtful. Scaling of ηO is a separate research topic, but this study
indicate that t is not the same in model and ship-scale as commonly assumed and since
wT is not only a measure of the wake velocity, but also influenced by propulsion system
performance, a general and representative scaling procedure seems impossible. This study
also indicated that ηR is not the same in model and ship-scale, as commonly assumed.
ηR seems to be highly dependent on scale-effects between model-scale self-propulsion and
open water Reynolds numbers, as well as on the model-scale wake. It shall be kept in
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mind that these conclusions are drawn based on one single vessel, and comparison of
propellers with and without ice-class and tip-unloaded versus more conventional radial
load distributions. For comparison of other propulsion systems, the representativeness of
the propulsive factors may not need to be questioned.
Comments
Many may agree on that equal t and ηR in model-scale and for the ship is a very rough
assumption, and also that ηO and wake fraction scaling are associated with large uncer-
tainties. Although, there is no simple alternative way forward if ship power predictions
are to be based on model-scale tests. For many cases, where similar propulsion systems
suffer or gain in the same manner in model-scale, it is not a large problem. It starts to
matter when more different propulsion systems are to be compared, such as illustrated
in this paper. Hopefully will a more wide-spread knowledge of detailed propulsion sys-
tem performance increase the awareness of model-scale weaknesses to capture propulsion




This thesis covers several steps taken to improve the general understanding of marine
propulsion system performance with the aid of CFD modelling, and also pinpoints a few
specific interaction effects to consider when designing marine propulsion systems. As
outlined in the introduction, to improve the general understanding of marine propulsion
system performance implies a focus on CFD modelling aspects as such, but also on the
methods used to describe the flow and its impact on the propulsion system performance.
The first objective was to increase the understanding of propulsion system interaction
phenomena to support and improve the propulsion system design process. The studies
presented in Papers II, IV and V all include descriptions of such interaction phenom-
ena. The study on optimal propeller diameter for a ship, versus the optimal one based
on model-scale propeller series data (Paper IV), is maybe the best example with direct
influence on the propulsion system design procedures. The old rule of thumb based on
model-scale tests from the 1950s was confirmed by CFD, and supplemented with an ex-
planation: smaller propellers to a larger extent benefit from operation with a rudder that
can straighten up the propeller slipstream. Which is due to that a smaller propeller has
to be higher loaded over each blade section, i.e. it deflects the flow tangentially to a
larger extent, compared to a larger propeller delivering the same power. However, the
CFD results also show that the common conclusion most probably only holds within the
same scale factor. Hence, the optimal propeller diameter for the ship is most probably
larger than what is indicated by model-scale propeller series data for open water condi-
tions. Paper V highlights the importance of high propeller efficiency also in off-design
conditions, for this study specifically at low load, since the blade partially will experience
these operating conditions when operating in the wake. Further, Paper II illustrates how
a small deterioration in performance of a component, for instance the rudder, is amplified
in a system: If a modified rudder design causes a slight resistance increment the propeller
needs to produce higher thrust to obtain thrust-resistance equilibrium. This implies a
marginally lower propeller efficiency, as well as a slightly larger suction on the hull im-
pairing the pressure recovery. The rudder itself will also be exposed to a slightly higher
slip-stream velocity, further increasing the resistance of the rudder. This last observation
really motivates the importance of optimizing all components when designing the propul-
sion system. Naturally there are many other generic interaction effects of importance for
several systems deserving to be studied and explained. Further studies based on CFD,
preferably taking into account existing knowledge based on model-scale test and design
experience, are strongly encouraged.
The second objective was to facilitate the understanding of propulsion system interac-
tion phenomena through formulation of methods that could be used to describe these for
a wider audience. As clear from Section 2 a variety of methods have been proposed and
applied within the project. One is not deemed to be better than another, they rather suit
various purposes. The surface based evaluation methods suggested within this project
are simple to apply and, to a large extent, possible to compare universally between dif-
ferent users and codes. Since the surface forces can be decomposed on a detailed level
using CFD they may in some cases be very useful to understand the system performance.
However, they may lack in their ability to describe certain flow phenomena since they
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focus on surface responses to the flow and not the flow as such, therefore they are prefer-
ably always complemented with visualizations of the flow. The key difference, and main
benefit, of energy flux analyses in relation to surface based evaluation methods is really
the focus on the flow field instead of on forces on the material surfaces to understand
the functioning of the system. However, the decomposition into different energy fluxes
will be dependent on CFD-setup, grid resolution and control volume and it may also be
difficult to separate the useful energy fluxes from the non-useful ones. Therefore energy
flux analyses are less suitable for universal comparisons of interaction effects and they are
neither deemed suitable for automatic optimization algorithms. Despite that energy flux
analyses really focus on the flow field, they are preferably also always complemented with
visualizations of the flow to be able to pinpoint possible improvements of the systems or
certain flow phenomena. Further studies on various methods to explain the propulsion
system performance, including development of the ones described in this project, are
warmly welcomed. Since their aim is to support development of more efficient propulsion
systems, it needs to be conducted by or in close cooperation with the industry, to ensure
that they serves their purpose.
The third objective regards further knowledge and suitable application of CFD models
to characterize the propulsion system performance in a representative manner. The
progress made within this area is described in Section 3, but an important part is missing.
The aim of the propulsion systems is to propel the ship efficiently, and to assess that
representative CFD models in ship-scale are required. Within this project ship-scale flow
data has not been available, which really is necessary to further develop and increase the
maturity of ship-scale CFD. Ship-scale measurements are especially important to sort
out a lot of open questions associated to the wake field and hull roughness modelling. To
conduct model-scale CFD may still be relevant to explain performance differences noted
in test, but with too much focus on it comes also the risk to get stuck in complicated
turbulence and transition modelling, instead of spending the resources on the system of
highest importance, the real ship.
Both nationally and internationally several research and commercial studies are on-
going on the design of marine propulsion systems. My belief is that the most important
aspects to focus on in the future to achieve more efficient propulsion systems are both
increased knowledge on the ship-scale performance at various operating conditions as
well as an increased general understanding of propulsion system interaction effects. In-
creased knowledge on ship-scale operating conditions includes both flow measurements
including detailed hull surface characterization, as well as influences from operation in
waves, interaction with surface, and performance at various speeds. More studies on
propulsion system interaction effect will hopefully increase the awareness of model-scale
weaknesses to capture propulsion system performance, and further motivate a shift to
ship power predictions based on CFD. The energy flux analyses clearly illustrates that
a system being optimal in model-scale most probably is not optimal in ship-scale since
the trade off between viscous losses and axial non-uniformity/transverse kinetic energy
losses will be different.
Currently the ship market structure in many cases does not favor a high level of propul-
sion system optimization. When different corporations deliver the separate components
within the propulsion system and another one designing the hull, the complete propul-
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sion system cannot be optimized as a unit if there is unwillingness to share geometrical
details with possible competitors. Another factor influencing the level of optimization
is the short development times associated with the tailor-made design for each vessel.
This is commonly overcome through larger series of sister vessels or standardized designs.
These negative influences from the market structure clearly shows that marine propulsion
system optimization is not only a technical challenge, but also an managerial one, and
the motivating factor required by both are increased fuel prices and/or legislation.
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